ORIGINAL ARTICLE 

Neuroscience 



http://dx.doi.Org/1 0.3346/jkms.201 2.27,1 0.1 241 • J Korean Med Sci 2012; 27: 1241-1247 



TKMS 



Dendritic eIF4E-binding Protein 1 (eIF4E-BPl) mRNA Is 
Upregulated by Neuronal Activation 



II Soo Moon 1 , Hyung Jong Lee 2 , 
and In Sick Park 3 

department of Anatomy, Dongguk University 
College of Medicine, and Medical Institute of 
Dongguk University, Gyeongju; 2 Department of 
Obsterics and Gynecology, Dongguk University 
College of Medicine, Gyeongju; department of 
Anatomy, Dongguk University College of Oriental 
Medicine, Gyeongju, Korea 

Received: 27 February 2012 
Accepted: 10 August 2012 

Address for Correspondence: 
II Soo Moon, PhD 

Department of Anatomy, Dongguk University College of 
Medicine, 307 Dongdae-ro, Gyeongju 780-714, Korea 
Tel: +82.54-770-2414, Fax: +82.54-770-2447 
E-mail: moonis@dongguk.ac.kr 

This research was supported by the Basic Science Research 
Program through the National Research Foundation of Korea 
(NRF) funded by the Ministry of Education, Science and 
Technology (2011-0002668). 



Long-term synaptic plasticity requires addition of new proteins at the synaptic site. The 
local protein synthesis at subsynaptic sites confers advantageous mechanisms that would 
regulate the protein composition in local domains on a moment-by-moment basis. 
However, our information on the identities of 'dendritic' mRNAs is very limited. In this 
study we investigated the expression of the protein and mRNA for eukaryotic translation 
initiation factor 4E (elF4E)-binding protein 1 (4EBP1) in cultured rat hippocampal neurons. 
Immunocytochemistry (ICC) showed that 4EBP1 protein is highly localized to the nucleus. 
In dendrites most 4EBP1 punctae were not colocalized with those of elF4E. In situ 
hybridization (ISH) and Fluorescence ISH (FISH) revealed that 4EBP1 mRNA was present in 
dendrites. The FISH signals formed clusters along dendrites that colocalized with ICC signals 
for Staufen, a marker for RNA granules. The neuronal activation by KCI (60 mlvl, 10 min) 
significantly increased the density of 4EBP1 FISH signals in the nucleus after 2 hr, and both 
in the nucleus and dendrites after 6 hr. Our results indicate that 4EBP1 and its mRNA are 
present in dendrites, and the mRNA is upregulated and transported to dendritic domains in 
RNA granules upon neuronal activation. 

KeyWords: Dendritic mRNA; elF4E; 4EBP1; FISH; Hippocampal neuron; 
Immunocytochemistry; ISH 



INTRODUCTION 

Neuronal synapses continuously change their efficacy of neu- 
rotransmission depending on the history of usage. This so-called 
synaptic plasticity is thought to underlie the cellular basis for 
learning and memory (1). Although short-term synaptic plas- 
ticity occurs by modifications of existing proteins (2), long-term 
plasticity such as long-term potentiation and long-term depres- 
sion requires addition of new proteins at the synaptic site [see a 
recent review by Skup (3)] . Translation in neurons primarily oc- 
curs in the soma. However, recent studies show that local pro- 
tein synthesis at synapses can be triggered by synaptic activa- 
tion. The on-site synthesis of protein within neuronal dendrites 
confers advantageous mechanisms that would regulate the pro- 
tein composition in local domains on a moment-by-moment 
basis. Dendritic protein synthesis was first suggested by the dis- 
covery of polyribosomes and membranous cisterns beneath 
postsynaptic sites (4, 5). Thereafter, other components of the 
translation machinery were identified, and dendritic mRNAs 
were identified by various experimental techniques (3). The lo- 
cal protein synthesis was finally proved in dendrites which were 
mechanically separated from neuronal perikarya (6). 



The cytoplasmic granules containing translationally repressed 
mRNAs are present in germ cells, embryos and neurons, and 
they are collectively called RNA granules (7). A subset of mRNAs 
is localized to the dendrites (3, 8, 9). The dendritic mRNAs relo- 
calize to the activated postsynaptic sites (10) and protein syn- 
thesis is localized to "hot spots" that occur in proximity to syn- 
apses (6). RNA granules are large tightly clustered aggregates of 
ribosomes (7). They also contain some components of transla- 
tion, including ribosomal RNA, mRNAs, and translation factor 
such as elongation factor 1A (eEFIA) (7, 11). However, the rate- 
limiting factors in translation initiation (elF) such as eIF4E and 
4G are present only in trace amounts in the RNA granules (12). 
Therefore, it is unlikely that Cap-dependent or Cap-indepen- 
dent initiation occurs in the granules (13). Where and how the 
missing translation factors are implemented? Synapse-specific 
plasticity of synaptic transmission suggests that the missing fac- 
tors are supplied on-site in the subsynaptic area. For example, 
eIF4E is mainly concentrated in the dendritic lipid raft in close 
proximity to the postsynaptic sites (14), and treatment of vari- 
ous neuronal preparations with the brain- derived neurotrophic 
factor results in redistribution of the eIF4E into dendritic spines 
(15). Other translation factors elFs (16) and eEFIA (17) and are 
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enriched in the postsynaptic sites. 

In addition to the translation factors our laboratory reported 
that their mRNAs are also present at the postsynaptic site. The 
translation initiation factor eIF4E (18) and elongation factor 
eEFIA mRNAs (19) are localized to neuronal dendrites, and 
neuronal activation by KC1 causes their upr egulation and relo- 
calization to subsynaptic sites. In the present report we provide 
evidence that eIF4E-binding protein 1 (4EBP1) and its mRNA 
are also localized to dendrites in unstimulated rat hippocampal 
neurons, and that KC1 treatment upregulates the mRNA in den- 
drites. 

MATERIALS AND METHODS 

Primary culture, KC1 treatment, and fixation of rat 
hippocampal neurons 

Dissociated hippocampal cells from Sprague-Dawley rat pups at 
embryonic day 18 (E18) or E19 were plated onto 12-mm diam- 
eter polylysine/laminin-coated glass coverslips at a density of 
150 neurons/mm 2 as described (20) and grown in astrocyte-con- 
ditioned Neurobasal media as described (21, 22). Cells were fixed 
by a sequential paraformaldehyde (PFA)/methanol (MeOH) 
fixation procedure (incubation in 4% PPA in PBS [20 mM sodi- 
um phosphate buffer, pH 7.4, 0.9% NaCl] at room temperature 
for 10 min followed by incubation in MeOH at -20°C for 20 min) 
(22). For KC1 treatment coverslips were transferred to a new me- 
dium containing KC1 (60 mM) and incubated for 10 min. Cov- 
erslips were rinsed in a fresh medium without KC1 and returned 
to the original culture wells. Cells were fixed after further incu- 
bation for 2 or 6 hr and subjected to FISH. 

In vitro transcription 

A 353 bp DNA fragment encoding the rat eIF4EPBl gene (ref- 
|NM_053857.1) mRNA (-21 ~ +403; this covers the full-length 
[aa. 1-117] of the structural gene) was amplified from a cDNA 
library (Marathon-Ready™ cDNA , Clontech, Mountain View, 
CA, USA) by polymerase chain reaction (PCR) with the prim- 
ers: sense 5'-ccAGATCTcgtgcaggag acatgtc-3 Vantisense: 5'-gc- 
GGTACCaatgtccatctcaaactgtg-3'. Capital letters indicate se- 
quences of restriction sites {Bglll and Kpnl, respectively) added 
for cloning purposes. The PCR product was cloned into the Bglll 
and Kpnl sites of a pBluescript II SK(-) transcription vector (In- 
vitrogen). The digoxigenin (DIG) -labeled antisense and sense 
riboprobes were prepared by in vitro transcription of the linearl- 
ized plasmids (BamHI for antisence, EcoRI for sense) with SP6 
or T7 RNA polymerase using DIG-RNA Labeling mix according 
to manufacturer's instruction (Roche Applied Science, India- 
napolis, IN, USA). 

In situ hybridization (ISH) 

The PEA/MeOH fixed cells were incubated overnight with DIG- 



labeled riboprobes (200 ng/mL) at 53°C in 400 uL of the North- 
ernMax Prehybridization/Hybridization buffer (Ambion, Aus- 
tin, TX, USA) and washed finally in 0.1X SSC at 53°C for 15 min. 
The riboprobes were visualized by color development using 
monoclonal biotin- conjugated anti-digoxin antibodies (Clone 
DI-22, Sigma, St. Louis, MO, USA), 1-Step NBT/BCIP substrate 
(Pierce, Rockford, IL, USA), and alkaline phosphatase-conju- 
gated streptavidin (diluted 1:1,000; Jackson ImmunoResearch 
Laboratories, West Grove, PA, USA) as described (22). 

Combined Fluorescence in situ hybridization (FISH) and 
immunocytochemistry (ICC) 

Combined FISH and ICC were performed with primary (biotin- 
conjugated mouse monoclonal anti-digoxin [1:500; Sigma], rab- 
bit anti-4EBPl [R-113, 1:200; Santa Cruz Biotech., Heidelberg, 
Germany], chicken anti-PSD-95 [1:1,000; antiserum UCT-C1, 
Murphy et al. (23), or rabbit anti-staufen [1:100; Chemicon]) and 
secondary antibodies (Alexa Fluor 488- conjugated Streptavidin, 
Alexa Fluor 488-conjugate goat anti-mouse, 568-conjugated 
goat anti-rabbit, and Alexa Fluor 647-conjugated goat anti-chick- 
en IgG [each diluted 1:1,000 in blocking buffer; Invitrogen]) as 
described (22). 

Light and laser- scanning confocal microscopy 

A Leica Research Microscope DM IRE2 (Leica Microsystems 
AG, Wetzlar, Germany) was used for light microscopy of color- 
developed ISH samples. Images were acquired with a high-res- 
olution CoolSNAP™ CCD camera (Photometries Inc., Germany) 
under the control of a computer equipped with Leica FW4000 
software. Exposure times were set so that pixel brightness was 
not saturated and were held constant during acquisition of all 
images (1,388 x 1,039 pixels) for each pair of sense- and anti- 
sense-probed cells. Confocal images of combined FISH and 
ICC (1,024 x 1,024 pixels) were acquired using 100X oil-immer- 
sion lens on the Leica TCS SP2 confocal system with laser lines 
at 488, 543, and 633 nm and processed with the use of Adobe 
Systems Photoshop 7.0 software. 

Image and data analysis 

Densitometric analyses and surface plots were performed with 
an Image J (version 1.45) software (National Institute of Health, 
Bethesda, MD, USA). Statistical significance was assessed by 
Mann-Whitney U-test The P values less than 0.05 and 0.01 were 
considered to be significant and very significant, respectively. 

RESULTS 

Expression of 4EBP1 in rat hippocampal neurons in culture 

To investigate the subcellular localization of 4EBP1 relative to 
eIF4E, we double-labeled mature hippocampal neurons (16 days 
in vitro; DIV 16) with a-eIF4E and (X-4EBP1. Confocal micro- 
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graphs of the ICC showed that 4EBP1 was distributed through- 
out the neuron with highest expression in the nucleus (Fig. 1A, 
asterisk). In the perikaryon and dendrites, 4EBPl-immunore- 
activity (IR) formed small punctae, of which density was slightly 
lower in dendrites than the perikaryon. This expression profile 
was very different from that of eIF4E, of which expression level 
was much higher in the perikaryon than in the dendrites (Fig. 
IB, asterisk). The merge image contrasts the relative subcellular 
localization of the two proteins (Fig. 1C). To see the relative po- 



sitions of the two proteins, a portion of the dendrite (box) was 
enlarged and shown in the insets. It can be seen that both eIF4E 
(green) and 4EBP1 (red) punctae were densely distributed in 
the dendritic shaft (Fig. 1C, insets eIF4E and 4EBP1). Despite of 
high density in the dendrite the two kinds of punctae rarely over- 
lap each other (Fig. 1C, inset merge). 

Dendritic localization of 4EBP1 mRNA 

Local dendritic translation of mRNAs can implement the nec- 




Fig. 1. Expression of 4EBP1 and elF4E. Confocal micrographs of dissociate rat hippocampal neurons (DIV16) double-labeled with 4EBP1 (A) and elF4E (B). A merge image (C) 
is shown and the insets show the boxed area enlarged in single channels. The boxed area in the inset was further enlarged on the right. The punctae with overlapping signals 
are marked with arrowheads. * in A, nucleus. * in B, perikaryon. Scale bar, 75 urn. 




Fig. 2. ISH and FISH showing dendritic localization of 4EBP1 mRNA. 
(A) ISH. DIV16 dissociated rat hippocampal neurons were hybrid- 
ized with DIG-labeled antisense (a) or sense (b) cRNA probes pre- 
pared by in vitro transcription. The boxed area was shown enlarged 
in the inset. Sister hippocampal neurons were hybridized with DIG- 
labeled antisense (c) or sense (d) elF4E cRNA probes. The soma 
and dendrites are marked by an arrow and an arrowhead, respec- 
tively. (B) Colocalization of FISH signals with staufen immunopunc- 
ta. Sister hippocampal neurons were hybridized with DIG-labeled 
anti-sense 4EBP1 cRNA probes (a) followed by ICC with antibod- 
ies against staufen (b). The 4EBP1 mRNA clusters colocalizing 
with staufen immunopuncta were marked by arrowheads in single 
(a, b) and merge images (c). Scale bars; 75 urn. 
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essary proteins in the dendrite on a moment-to-moment basis. 
To investigate if 4EBP1 mRNA is localized to dendrites, we per- 
formed ISH of cultured rat hippocampal neurons. After PFA/ 
MeOH fixation, cells were hybridized in situ with DIG-labeled 
sense (S)- or antisense (AS)-4EBP1 riboprobes, and ISH signals 
were visualized with biotin- conjugated anti-digoxin antibody 
and alkaline phosphatase-conjugated streptavidin as detailed 
in Materials and Methods. As shown in the bright field light mi- 
crographs (Fig. 2A), the AS-riboprobe reveals significant ISH 
signals for 4EBP1 mRNA in dendrites (Fig. 2A, AS-4EBP1, inset, 
arrowhead), although the strongest signals are associated with 
the soma (Fig. 2A, AS-PB1, inset, arrow). In contrast, the ISH 
signal by the sense probe is not significant above background 
(Fig. 2A, S-4EBP1). We performed ISH for eEFIA mRNA as a 
general control of the protocol, because we previously showed 
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Fig. 3. Subcellular localization of 4EBP1 mRNA. DIV16 dissociated rat hippocampal 
neurons were hybridized with the DIG-labeled antisense 4EBP1 cRNA probe followed 
by ICC with antibodies against PSD-95. Confocal micrographs of FISH (A) and ICC (B) 
images are shown along with a merge (C). The soma and dendrite are marked with 
an asterisk and an arrowhead, respectively, in A. The inset in C shows the boxed area 
enlarged in single channels or merge. A FISH signal colocalizing with the ICC signal is 
marked with an arrowhead. A surface plot of the boxed area in A is shown in D. The 
positions of nucleus (Nuc) and dendrite (Den) are marked. Scale bars; 75 urn. 



its localization in both neuronal soma and dendrites (19). The 
AS-eEFIA riboprobe produces ISH signals in dendrites as well 
as in the soma (Fig. 2A, AS- eEFIA, arrowhead and arrow, re- 
spectively), while the control ISH signal by the S-eEFIA ribo- 
probe is negligible (Fig. 2A, S-eEFIA). This result indicates that 
the general process of the ISH is integral, and that the ISH sig- 
nals for 4EBP1 mRNA are reliable. 

To verify that the signals in dendrites shown by ISH repre- 
sented RNA granules, we performed FISH combined with ICC 
to show colocalization of 4EBP1 FISH signals with staufen pro- 
tein, a marker protein for RNA granules. PEA/MeOH-fixed hip- 
pocampal neurons were subjected to FISH with DIG-labeled 
4EBP1 riboprobes, followed by ICC with antibodies against 
staufen (Fig. 2B). The FISH signals for 4EBP1 mRNA are distrib- 
uted in clusters along dendrites (Fig. 2B, AS-4EBP1). The ICC 
signals of staufen are also present as clusters along dendritic 
shafts (Fig. 2B, a-Stau), a distribution profile similar to previous 
reports (18, 25). The merged images exhibit that most (86.7 ± 
8.4%, n = 158) 4EBP1 FISH signals overlap with those of staufen 
ICC (Fig. 2B, merge, yellow arrowheads). This result clearly shows 
that the FISH signals represent RNA granules. 

4EBP1 mRNA clusters rarely localize to subsynaptic sites 

Strategic localization at subsynaptic sites may be important for 
tight regulation of local translation. Using a sequential PEA/ 
MeOH fixation procedure that produces high signals for both 
FISH and ICC (22) we investigated the positioning of 4EBP1 
mRNA relative to postsynaptic sites. For this purpose we used 
an antibody against PSD-95 as a postsynaptic marker. The AS- 
4EBP1 riboprobe reveals FISH signals in clusters along dendrites 
and soma as well (Fig. 3A, arrowhead and asterisk, respective- 
ly). To visualize better the signal intensity a surface plot of the 
boxed area in the AS-4EBP1 FISH image was done. As shown in 
Fig. 3B the FISH signal intensity is slightly higher in the nucleus 
(Nuc) than in the dendrites (Den). The ICC signals for PSD-95 
are robust and they are highly concentrated in clusters along 
dendrites (Fig. 3A, (X-PSD95). A merge image is shown in Fig. 3A 
(merge), where the boxed area is shown enlarged in the inset. 
In the single channel of Fig. 3A inset images it can be seen that 
the 4EBP1 FISH signals (green) are randomly distributed in the 
dendritic shaft. This spatial distribution was in contrast to that 
of PSD-95 protein (red): The PSD-95 clusters were positioned 
toward the periphery of the shaft. The merge image shows that 
the two signals rarely overlap, indicating that 4EBP1 mRNAs are 
not specifically localized to the postsynaptic sites. 

The dendritic 4EBP1 mRNA upregulated by neuronal 
activation 

To investigate whether the dendritic 4EBP1 mRNA was regulated 
by neuronal activity, we added 60 mM KC1 to the culture medi- 
um for 10 min to depolarize the neurons. Neurons were fixed 2 
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or 6 hr later and processed for FISH combined with ICC. The 
confocal micrographs of 2hr treatment are shown in Fig. 4A. The 
FISH signal intensity for 4EBP1 mRNA in the nucleus is signifi- 
cantly (67%, P < 0.01) higher (Fig. 4A, AS-4EBP1, arrow; Fig. 4D) 
than in the control (Fig. 3A, AS-4EBP1). In this particular micro- 
scopic field there are many PSD-95-negative non-neuronal cells, 
which also show significant FISH signals in the nucleus (arrow- 
head). In contrast to the nucleus, the increase in the dendrite 
was not significant. To visualize better the expression profile, 
a surface plot of the boxed area was done. As shown in Fig. 4C, 
2 hr, the signal intensity in the nucleus is very significantly (P < 
0.01; Fig. 4D) increased compared to the control (Fig. 3A, AS- 
4EBP1). The sense 4EBP1 riboprobe (s-4EBPl) does not pro- 
duce significant FISH signals (Fig. 4A, S-4EBP1). However, there 
appears a couple of large clusters in the nucleus of both neuro- 
nal (arrow) and non-neuronal cells (arrowhead). Similar clus- 
ters are also seen in the cells treated with KG for 6 hr. It is likely 
that this nucleoplasm^ structure contains nucleotide sequenc- 
es that had homology to S-4EBP1. 

Typical confocal images of 4EBP1 FISH after 6 hr of KC1 treat- 
ment is shown in Fig. 4B. The 4EBP1 FISH signal in the nucleus 
is dramatically increased 6 hr after stimulation compared to un- 
stimulated or 2 hr-stimulated neurons (Fig. 4B, AS-4EBP1; as- 
terisk in inset). The increase in the signal intensity is visualized 
in a surface plot of the boxed area (Fig. 4C, 6 hr). Statistical anal- 
yses showed that, compared to the untreated control and 2 hr- 
stimulated, the FISH signal intensity for 4EBP1 mRNA in the 
nucleus increases by 3-fold and 2-fold, respectively (Fig. 4D). At 
this time of stimulation, the increase in the 4EBP1 FISH signal 



intensity is also evident in the dendrite (Fig. 4B, AS-4EBP1 and 
Fig. 4C, 6 hr). Statistical analysis showed that, compared to both 
unstimulated and 2 hr-stimulation, the intensity increased very 
significantly (45%, P < 0.01) (Fig. 4D). These data show that 
4EBP1 mRNA was upregulated by the KC1 treatment, and that 
stimulation for 6 hr was long enough for the newly transcribed 
mRNA was transported to the dendrite. 

Our ICC data also show that PSD-95 clusters are significantly 
upregulated by KC1 stimulation in the dendrites of hippocam- 
pal neurons: 50% increase at both 2 and 6 hr after KC1 treatment; 
from 14.6 ± 2.5 (control) to 22.0 ± 3.3 (2 hr) and 21.3 ± 3.7 (6 hr) 
per 30 um. Since previous studies had shown that PSD-95 was 
upregulated both in vivo and in vitro by neuronal activation (27- 
29), this result verifies that the neurons were adequately stimu- 
lated in our experimental procedures. 

DISCUSSION 

In this study we have shown that differential distribution of the 
two proteins eIF4E and its binding protein 4EBP1 in cultured 
hippocampal neurons, and that 4EBP1 mRNA is upregulated in 
the dendrites by KC1 stimulation. Although eIF4E and its bind- 
ing protein 4EBP1 are functionally related to each other, our ICC 
images of cultured hippocampal neurons showed difference in 
the subcellular distribution. 4EBP1 was distributed throughout 
the neuron with highest expression in the nucleus, whereas the 
expression level of eIF4E was much higher in the perikaryon 
than the dendrites. Subtle differential distribution of the two 
proteins was also seen in the perikaryon and dendrites. In these 
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Fig. 4. Upregulation of 4EBP1 mRNA clus- 
ters in dendrites of rat hippocampal neu- 
rons by KCI treatment. (A) 2 hr post-KCI ex- 
posure. Dissociated rat hippocampal cul- 
tures (DIV16) were treated with KCI (60 
mM, 10 min). After 2 hr, cells were hybrid- 
ized with DIG-labeled anti-sense 4EBP1 
(AS-4EBP1) or sense (S-4EBP1) cRNA 
probes (FISH) followed by ICC with antibod- 
ies against PSD-95 (a-PSD95). Confocal 
images of single channels or merge are 
shown. The neuronal and non-neuronal 
cells are marked with an arrow and an ar- 
rowhead, respectively. (B) 6 hr post-KCI ex- 
posure. Presentation and markings are sim- 
ilar to A. Neuronal soma and nucleus are 
marked with an arrow and asterisk, respec- 
tively. The large clusters in the neuronal and 
non-neuronal nuclei (arrow and arrowhead, 
respectively) are marked in the S-4EBP1 
panel. (C) Surface plots. The surface plots 
of the boxed areas in A and B are shown. 
The positions of neuronal (Neu-S) and glial 
(Gli-S) soma are indicated, along with den- 
drites (Den). (D) Statistics. Statistical signifi- 
cance was assessed by Mann-Whitney Li- 
test *P< 0.01. Scale bars; 75 um. 
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subcellular domains both eIF4E and 4EBP1 formed small punc- 
tae. Despite high density, however, the two kinds of punctae 
rarely overlap each other, indicating that most eIF4Es in den- 
drites are not under inhibition. Rong et al. (24) reported that a 
sizable fraction (-30%) of 4EBP1 is localized to the nucleus in 
flow cytometric analysis of mouse embryo fibroblasts (MEFs). 
High nuclear localization of 4EBP1 was also proved by ICC of 
MEFs and immunohistochemistry of the mouse kidney. They 
further showed that, in serum-starved and/or rapamycin-treat- 
ed MEFs, nuclear 4EBP1 sequester eIF4E in the nucleus, indicat- 
ing that 4EBP1 is a regulator of eIF4E cellular localization. In this 
study we also found that 4EBP1 is highly localized in the neuro- 
nal nucleus. Neuronal nuclear 4EBP1 may sequester eIF4E in 
analogy to MEFs. 

Our present study has shown that 4EBP1 mRNA is present 
and can be upregulated in dendrites by neuronal activation. 
Local dendritic translation of mRNAs can implement the nec- 
essary proteins in the dendrite on a moment-to-moment basis. 
The presence of 4EBP1 mRNA was firstly demonstrated by ISH, 
and the identity of the RNA granule was further verified by co- 
localization of 4EBP1 FISH signals with staufen protein ICC sig- 
nals. Strategic localization at subsynaptic sites may be impor- 
tant for tight regulation of local translation. Most of the 4EBP1 
mRNA FISH signals did not overlap with PSD95 ICC signals. 
Since PSD-95 clusters are positioned toward the periphery of 
the shaft due to their localization at the spine heads (26), our 
data indicate that 4EBP1 mRNAs are not specifically localized 
to the postsynaptic sites. This result is in contrast to the distribu- 
tion of mRNAs for other translation factors. We previously re- 
ported that more than half of eIF4E and eEFIA mRNA FISH clus- 
ters overlap with or are immediately adjacent to PSD-95 ICC 
clusters (18, 19). The differential distribution of 4EBP1 is also 
shown at the protein level: In contrast to the high concentration 
at the subsynaptic sites, the 4EBP1 proteins were distributed 
throughout the shaft of dendrites (this study). For example, 
eEFIA were highly enriched at the postsynaptic sites (26). Trans- 
lation initiation factors such as eIF4E and eIF4G (which bind 
the 5 '-terminal mRNA cap), eIF5 (which is important during 
the 3 ' direction scanning to find an initiation codon), eIF6 (which 
mediates upregulation of translation by external stimuli), and 
eIF5A (which mediate translation upregulation under adverse 
conditions) were localized to the postsynaptic sites (16). 

Why is 4EBP1 not localized at the subsynaptic site? The rea- 
son for this contrast is not clear. However, the difference could 
originate from the different roles in translation. In contrast to 
the positive role of other translation factors, the 4EBP1 is a neg- 
ative regulator in translation. It is reasonable to conceive that 
positive translation factors should be readily available at a mo- 
ment-to-moment basis upon synaptic activation, whereas a 
negative regulator could be implemented later in time after the 
necessary protein neosynthesis is completed. This temporal 



difference in the necessity may be represented, in turn, in the 
differential spatial distribution in dendrites. 

The present study further shows that the dendritic 4EBP1 
mRNA is upregulated by neuronal activation. Our data show 
that 4EBP1 mRNA is upregulated by the KC1 treatment, and that 
stimulation for 6 hr is long enough for the newly transcribed 
mRNA is transported to the dendrite. Our ICC data also show 
that PSD-95 clusters are significantly upregulated by KC1. Since 
previous studies had shown that PSD-95 was upregulated both 
in vivo and in vitro by neuronal activation (27-29), this result 
verifies that the neurons were adequately stimulated in our ex- 
perimental procedures. 

Local protein synthesis in the neuronal dendrite is a critical 
component of synaptic plasticity. In long-lasting hippocampal 
synaptic plasticity and memory, mammalian target of rapamycin 
(mTOR) serves as one of the primary triggers for the initiation 
of cap-dependent translation via phosphorylation of eIF4EBPs 
and S6Ks (30). Unphosphorylated 4EBP binds tightly to eIF4E, 
whereas 4EBP phosphorylated by mTOR does not, thereby per- 
mitting initiation to proceed (31). Phosphorylated S6K, in turn, 
phosphorylates downstream targets such as ribosomal protein 
S6 and eIF4B (32). Previously we reported that the eIF4E mRNA 
is localized, and upregulated by neuronal activation, near post- 
synaptic sites (18). The presence, and upregulation, of its regu- 
latory protein 4EBP1 in dendrites could be a necessary sequel 
to the increase in eIF4E. Recently, Qi et al. (33) reported that 
mTOR was activated in hippocampus of the learning rat. The 
substrates of mTOR, 4EBP and p70S6K were phosphorylated, 
and total protein synthesis was enhanced, in the learning hip- 
pocampus. Their results show that mTOR signaling pathways 
are activated and the general translation is enhanced in a learn- 
ing paradigm. In contrast to our in vitro study, the amounts of 
these proteins were not changed in their in vivo learning para- 
digm. The discrepancy could originate from the extent of neu- 
ronal activation. To support this assumption the mTOR and 
p70S6K phosphorylation was not increased in either cerebral 
cortices or cerebellums, which would be less activated during 
the learning paradigm. Therefore, it would be interesting to car- 
ry out animal study if mRNAs for translation factors are upregu- 
lated in the learning brain. 
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